Abstract. In a previous study aimed to design a novel prostate cancer vaccine, the authors of the present study demonstrated the advantage of combining the adjuvants Montanide ISA 51 with very small size proteoliposomes (VSSP) to promote a significant humoral immune response to gonadotropin-releasing hormone (GnRH) in healthy animals. The present study compared the efficacy of this vaccine formulation versus the standard treatment currently available in terms of preventing the development of tumors in DD/S mice injected with Shionogi carcinoma (SC) 115 cells. The results demonstrated that 5 non-vaccinated control mice exhibited a fast tumor growth, and succumbed to the disease within 19-31 days. Mice immunized with the GnRH/Montanide ISA 51/VSSP vaccine exhibited a moderate decline in testosterone levels that was associated with a decrease in anti-GnRH antibody titers, which lead to a sustained tumor growth inhibition. In total, 2 mice in the immunized group exhibited complete remission of the tumor for the duration of the present study. In addition, castrated mice, which were used as a control for standard hormonal therapy, exhibited an accelerated decrease in tumor size. However, tumor relapse was observed between days 50 and 54, and between days 65 and 85, following the injection of SC 155 cells. Therefore, these mice were sacrificed at day 90. The present study concludes that the slow and moderate reduction of testosterone levels observed using the GnRH-based vaccine may delay the appearance of castration resistance in a Shionogi prostate cancer model. These findings suggest that this vaccine may be used to delay castration resistance in patients with prostate cancer.
Introduction
Prostate cancer is the most commonly diagnosed malignancy in elderly men, and the second leading cause of cancer-associated mortality in the Western world (1, 2) .
Standard treatments for prostate cancer include surgery, radiation therapy and androgen deprivation therapy (ADT), which are usually successful in controlling organ-confined disease. However, in 30% of patients the disease recurs and becomes androgen deprivation-resistant (3, 4) .
Since the 1990's, gonadotropin-releasing hormone (GnRH) analogues have been the most successful drugs for achieving ADT (5) . Androgen is required for the function and maintenance of prostate cancer cells, and androgen deprivation results in an inhibition of growth and decrease in volume of prostate cancer tumors (6) (7) (8) . However, at advanced stages of the disease, almost all tumors develop into castration-resistant prostate cancer (CRPC), the management of which is a great challenge (6, 8, 9) . Consequently, there is a clear requirement for improved treatments to prevent the development of CRPC, and for novel therapies to treat patients with prostate cancer.
GnRH-based vaccines represent a promising anti-hormonal treatment alternative for the treatment of prostate cancer, since they reduce serum testosterone levels and avoid the flare response observed when using GnRH analogues (6, (10) (11) (12) procedure, the patient does not require the administration of any other medication for a prolonged period, which results in low costs (6, 12) . Therefore, these types of vaccines may be highly competitive in the market (10, 11, 13) . However, the development of therapeutic vaccines for cancer therapy presents disadvantages, due to the low immunogenicity of antigens, tolerance induction and heterogeneity of results among individuals (6, 14, 15) . The use of adjuvant combinations such as aluminum salts (16) and squalene oil (17) , alone or in combination with saponins, has been recently employed in the development of preventive vaccines, including the vaccine for human papilloma virus (18) (19) (20) . However, adjuvants have not been used for the development of therapeutic vaccines for advanced cancer thus far.
The combination of Montanide ISA 51, a type 1 adjuvant, and very small size proteoliposomes (VSSP), a type 2 adjuvant that is derived from the fermentation of Neisseria meningitides, has been recently used by the authors of the present study for the generation of anti-GnRH antibodies in healthy animals with excellent results (12) .
The present study demonstrates the humoral immune response against the autologous GnRH hormone, and its effect on the inhibition of testosterone levels and tumor development in DD/S male mice that were injected with hormone-sensitive Shionogi carcinoma (SC) 115 cells. The SC 115 mice received 6 immunizations of the GnRH mimetic peptide (GnRHm1-TT)/Montanide ISA 51/VSSP vaccine candidate. The SC 115 mouse model is a transplantable androgen-dependent neoplasia similar to human tumors, which may develop into CRPC in >90% of cases, despite the use of the maximal androgen blockade (21, 22) . The present study also measured the reactivity of specific immune response to a 40 kDa antigen, which had been previously reported to be induced by castration, using western blot and interferon (IFN)-γ enzyme-linked immunospot (ELISPOT) assays (9, 22) .
Materials and methods
Generation of the synthetic GnRHm1-TT. GnRHm1-TT was synthesized using conventional solid phase synthesis (6) , at the Center for Genetic Engineering and Biotechnology of Havana (Havana, Cuba). L-glycine at position 6 of the natural GnRH (sequence, QHWSYGLRPG) was substituted for L-proline (sequence, QHWSYPLRPG), and the epitope QYIKAN-SKFIGITEL of tetanus toxoid was added to the carboxyl terminus (6) .
For the vaccine emulsion preparation, 750 µg lyophilized GnRHm1-TT was resuspended in distilled water and mixed with 120 µg VSSP (obtained from the Center for Molecular Immunology, Havana, Cuba) to a final volume of 100 µl. The same quantity of Montanide ISA 51 (Seppic, Paris La Défense, France) was added in a 1:1 ratio. The vaccine formulation was centrifuged (SCT 15B Himac centrifuge; Hitachi Medical Corporation, Tokyo, Japan) at 3,500 x g for 30 min. The final emulsion was administered to the mice by subcutaneous injection at four points of the dorsal region. For the placebo preparation, an identical procedure was performed with the exception of the peptide, which was not included in the mixture.
Animal models and experimental groups. In total, 15 male DD/S mice were maintained at the Animal Care Unit of the University of Victoria (Victoria, Canada). All protocols followed the guidelines of the Canadian Council for Animal Care (Ottawa, Canada; approval no., NOVO7BHN) and were approved by the Animal Care Committee at the University of Victoria. The animals were housed two per cage, under humidity and temperature controlled conditions and a light/dark cycle of 12 h intervals. The DD/S mice, which were 8-10 weeks old, were randomized into 3 groups of 5 mice each, as follows: Group 1 received 5 subcutaneous injections of the vaccine candidate GnRHm1-TT/Montanide ISA 51/VSSP (12); group 2 received the placebo, which was administered using the same immunization schedule as group 1; and group 3 was surgically castrated once the tumor reached 8-10 mm in diameter.
DD/S mice were injected with SC 115 cells, which were cultured according to the protocol described by Nesslinger et al (22) , on day 40 subsequent to the beginning of the experiment, when the immunized and placebo groups had received 3 immunizations. For the tumor implantation, 5x10 6 cells in phosphate-buffered saline (PBS; EMD Millipore, Billerica, MA, USA) were injected subcutaneously into the flank of the mice, according to the protocol by Nesslinger et al (22) . The tumor was measured daily using a digital calliper. The tumor volume was calculated using the following formula: Tumor volume = 4/3π x tumor radius³. When the tumor reached a volume ≥1.5 cm³, the mice were sacrificed using anaesthesia. Tumors that were palpable were considered to be recurring tumors.
Blood extraction and serum collection. Blood was extracted from the mice (~100 µl) by puncturing the radial venous with a 26G needle (Terumo Medical Corporation, Tokyo, Japan), and using heparinized micro-hematocrit tubes (Drummond Scientific Company, Broomall, PA, USA). The blood was centrifuged at 3,200 x g for 15 min to obtain the serum, which was stored at -20˚C until further use. Splenocytes from the mice were isolated according to the protocol described by Nesslinger et al (22) .
Anti-GnRH antibody determination. An enzyme-linked immunosorbent assay (ELISA) was performed using high-binding Nunc™ 96-well polystyrene plates (Thermo Fisher Scientific, Inc., Waltham, MA, USA), which were coated overnight with 10 µg/ml natural GnRH peptide (Center for Genetic Engineering and Biotechnology of Havana) at 4˚C in carbonate/bicarbonate buffer (0.1 M; pH 9.6; Merck, Kenilworth, NJ, USA). The serum samples were diluted to 1:50 in PBS (0.1 M; pH 7.4) for seroconversion, and between 1:1,000 and 1:20,000 for anti-GnRH titration in PBS (0.1 M; pH 7.4) containing 2% bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO, USA). The plates were incubated for 3 h at 37˚C. Subsequently, polyclonal rabbit anti-mouse immunoglobulin (Ig)G antibody conjugated to peroxidase (cat. no. A9044; Sigma-Aldrich), which was diluted to 1:10,000 in PBS (0.1 M; pH 7.4) and 2% BSA, was added to the plates. The antigen-antibody reaction was detected by addition of o-phenylenediamine (EMD Millipore) and a H 2 O 2 substrate (EMD Millipore), which was dissolved in disodium phosphate (0.02 M, pH 5.0; EMD Millipore). The colorimetric reaction was read at 492 nm using a plate reader (Multiskan™ GO Microplate Spectrophotometer; Thermo Fisher Scientific, Inc.). Samples were considered to be positive when the absorbance values were >0.197, which was the cut-off.
Testosterone determination. Testosterone levels were determined using the Testosterone radioimmunoassay kit (TESTO-CT2 assay; Cisbio Bioassays, Codolet, France). The sensitivity of the method, defined as the detectable concentration equivalent to twice the standard deviation of the zero-binding value, was ~0.1 nmol/l. The specificity of the kit for testosterone was >99%. To carry out the determination, 25 µl serum from each sample was plated directly in the pre-coated tubes provided in the kit. Duplicates from all the samples were incubated for 1 h at 37˚C. The tubes were washed 3 times with distilled water at room temperature, and read in a gamma counter (HITACHI-ALOKA AccuFLEX LSC-8000 Scintillation Counter; Hitachi Medical Corporation). The results were recorded as nmol/l.
Western blot analysis to detect anti-Shionogi proteins.
Western blot analysis was performed as previously described (23) . Briefly, proteins (400 µg) from SC 115 tumor cells (obtained from the Nelson Lab, University of Victoria, Victoria, Canada) were separated using 12% standard polyacrylamide gel electrophoresis (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and transferred to nitrocellulose membranes (Thomas Scientific, Swedesboro, NJ, USA. A molecular weight marker 20-80 KD (Sigma-Aldrich) was used. The sera of the mice from the various groups were diluted in dilution buffer (dilution, 1:500), which contained PBS (50 mM), 5% dry milk powder (Sigma-Aldrich), 0.1% Tween 20 (EMD Millipore), 50 mmol/l Tris (EMD Millipore) and 150 mmol/l sodium chloride (EMD Millipore), and incubated for 1 h at room temperature with the nitrocellulose membrane, using the Mini Protean II ® MultiScreen Apparatus (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The nitrocellulose membrane was washed, incubated for 1 h at room temperature with polyclonal horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (H+L; cat. no. 115-035-003; dilution, 1:10,000; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), and visualized using enhanced chemiluminescence.
IFN-γ ELISPOT assay.
MultiScreen-IP Filter Plates (96 wells; 0.45 µm pore size; EMD Millipore, Billerica, MA, USA) were pre-wet with 70% ethanol, followed by three washes with sterile PBS (Gibco ® ; Thermo Fisher Scientific, Inc.). The plates were incubated overnight at 4˚C with 50 µl/well monoclonal rat anti-mouse IFN-γ antibody (10 µg/ml; clone, AN18; catalog no., 3321-3-250; Mabtech, Inc., Cincinnati, OH, USA). Following three washes with PBS, the plates were blocked with T-cell medium (Sigma-Aldrich; RPMI 1640 supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 µg/ml penicillin/streptomycin and 25 µM 2-mercaptoethanol) for 2 h at 37˚C. In total, 3x10 5 splenocytes from the mice were added to each well. Polyadenylate-binding protein nuclear 1 (PABPN1; the Nelson Lab, University of Victoria) and concanavalin A (Sigma-Aldrich) were added to the wells at a final concentration of 10 and 2 µg/ml, respectively. T-cell medium was used as a negative control. The samples were run in triplicate. The plates were incubated for 24 h at 37˚C. Subsequent to washing six times with 50 mM PBS containing 0.05% Tween 20, 100 µl biotinylated anti-mouse IFN-γ was added to each well. The plates were incubated for 2 h at 37˚C, and then washed 12 times with PBS at room temperature containing 0.05% Tween 20. Avidin-biotin peroxidase complex (VECTA-STAIN ® ABC kit; Vector Laboratories, Inc., Burlingame, CA, USA) was added to the plates for 5-10 min. The development was stopped by rinsing the plates with water. Air-dried plates were read for enumeration of spots using an ELISPOT reader with KS ELISPOT 4.4 software (Carl Zeiss AG, Oberkochen, Germany).
Statistical analysis.
For the statistical analysis to enable a parametric evaluation of the data, analysis of variance and Student's t tests were used. The treatment groups were compared using the Student's t-test. For animal survival analysis Kaplan-Meier analysis was used in addition to the log rank test for statistical associations. A one-way analysis of variance was used for antibody and testosterone analysis. Prism GraphPad version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to conduct statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

Anti-GnRH antibodies, generated by the vaccine candidate GnRHm1-T T/Montanide ISA 51/VSSP, induce testosterone ablation in DD/S mice implanted with SC 115
tumors. The development of the vaccine formulation GnRHm1-TT/Montanide ISA 51/VSSP is a promising candidate to generate a productive response against GnRH, which presents the advantage of combining a type 1 and a type 2 adjuvants (12, 24) . To investigate how this vaccine candidate affects a tumoral model, the present study performed an experiment in DD/S mice implanted with the hormone-sensitive SC 115 tumor cell line, which has been extensively used to study the conversion from androgen-dependent to androgen-independent neoplasia (7, 21) . Shionogi tumors are initially androgen-dependent, and are therefore grown in male mice (8, 9, 21, 22) . Castration of the mice leads to apoptosis and tumor regression similar to that observed following androgen withdrawal in patients with prostate cancer (8, 21) .
The effect of the GnRHm1-TT/Montanide ISA 51/VSSP vaccine on anti-GnRH antibodies, testosterone levels and tumor size in DD/S mice was evaluated in the present study. In all 5 mice, 100% of anti-GnRH seroconversion was achieved following the administration of 2 immunizations (Table I) . The anti-GnRH immune response was investigated using an in-house titration indirect ELISA method (6, 12) , which rendered titers between 1:1,000 and 1:4,000 (Table I) . Similarly to the anti-GnRH immune response, the measurement of the testosterone levels by radioimmunoassay demonstrated a decrease in the testosterone concentration of the immunized animals, although the levels of testosterone in these animals were higher than those detected in the castrated mice (Table I) .
GnRHm1-TT/Montanide ISA 51/VSSP produces tumor growth inhibition in SC 115 mice.
The present study investigated the association between testosterone ablation induced by anti-GnRH antibodies and tumor growth rate. The present study observed that in the immunized group, 3 out of 5 mice exhibited a significant decrease in tumor size (P<0.01) (Fig. 1A) . The tumor volume reduced to >200 mm 3 at day 30 (P<0.05). These 3 slow-growing tumors exhibited a continuous decrease in size over time, and completely regressed at day 65 following the injection of SC 115 cells. There was no recurrence of the tumor by the end of the study at day 100. In total, 1 of the 5 immunized mice was sacrificed prior to the end of the present study (day 55), since the mouse mutilated the tumor implanted region. The remaining 2 mice in the immunized group exhibited an accelerated tumor growth, and had to be sacrificed on day 30 and 35, respectively (Fig. 1A) .
In the castrated group, 4 out of 5 mice exhibited tumor regression 10 days following castration. The maximum reduction in tumor volume was observed at day 30 (180 mm³). In the remaining mice, ~40 days were required to achieve a similar reduction in tumor size (Fig. 1B) . However, there was tumor regrowth in 2 mice at days 50 and 54. Therefore, the mice were sacrificed at days 59 and 70, respectively (Table I ). The remaining 3 mice experienced tumor regrowth from day 70, and had to be sacrificed on day 90 (Fig. 1B) . The entire placebo group had to be sacrificed by ~day 30 post-tumor cell injection, since all the mice exhibited an accelerated tumor growth (Fig. 1C) .
The comparison in survival time between the placebo, surgically castrated and immunized mice was calculated using the log-rank test. The results demonstrated that the immunized and castrated animals survived for twice as long as the placebo group (P<0.01). The surgically castrated and vaccinated mice did not exhibit any significant differences in survival time (P>0.05). However, it is notable that in the vaccinated group there were 2 animals in which tumors did not recur for the duration of the present study (Fig. 2) .
Anti-PABPN1 immune response in DD/S mice implanted with SC 115 tumor cells is not associated with improvements in tumor control or survival benefits.
Previous studies have implicated anti-PABPN1 antibodies in the development of Shionogi carcinoma. Therefore, the present study investigated whether the development of hormone therapy-associated serological responses was associated with the extent of tumor regression. The present study compared the SC 115 tumor-implanted DD/S mice that had received the standard castration treatment with the GnRHm1-TT/Montanide ISA 51/VSSP vaccine and the placebo groups. The results demonstrated that for the immunized group, 1 out of 4 mice (25%) developed anti-PABPN1 antibodies (mouse no., 17; Fig. 3A ), compared with 2 out of 4 mice (50%) in the castrated group (mice no., 26 and 29; Fig. 3B and C, respectively), and 2 out of 3 mice (66%) in the placebo group. (mice no., 5 and 8; Fig. 3A and D, respectively) .
According to these results, there was no association between the presence of anti-PABPN1 antibodies and the tumor growth rate. However, a poor prognosis for tumor growth was observed in mice that developed an immune response against PABPN1 (Fig. 3A-D) . Notably, in mice treated with the 
ND
Differences in anti-GnRH antibody titers and testosterone levels measured at day 60 were calculated using one-way analysis of variance, while a log-rank test was performed to calculate the differences in survival time. Anti-PABPN1 antibodies were detected using western blot analysis. .05, according to the Mann-Whitney U test. Anti-PABPN1 antibodies were determined using a western blot analysis. GnRH, gonadotropin-releasing hormone; PABPN1, polyadenylate-binding protein nuclear 1; ND, not determined; +, presence of anti-PABPN1 antibodies; +++, marked presence of anti-PABPN1 antibodies; -, absence of anti-PABPN1 antibodies.
vaccine candidate GnRHm1-TT/Montanide ISA 51/VSSP, the mice that exhibited the most accelerated tumor growth were those that developed anti-PABPN1 antibodies, as measured by western blot analysis (mouse no., 17; Fig. 3B ). Similarly, in the placebo group, which presented the highest tumor growth rate, the highest anti-PABPN1 immune response was detected (mouse no., 5 and 8; Fig. 3A and D, respectively) . For the surgically castrated mice, a similar association between anti-PABPN1 immune response and survival time was observed (mouse no., 26 and 29; Fig. 3B and C, respectively) . In order to determine the possible involvement of T cells in the immunological recognition of PABPN1, in addition to the analysis of anti-PABPN1 antibodies, the present study performed an anti-IFN-γ ELISPOT using splenocytes collected from the sacrificed mice. Lymphocytes were extracted at the same time to act as controls. The results demonstrated a T-cell immune response directed to PABPN1 in mice that had developed anti-PABPN1 antibodies (data not shown).
Discussion
GnRH-based vaccines represent a promising anti-hormonal alternative treatment for patients with prostate cancer, since they reduce serum testosterone levels, leading to the generation of a memory immune response in vaccinated individuals (6, (10) (11) (12) . However, the poor immunogenicity of small and autologous peptides, such as GnRH and its mimetics, is a challenging obstacle that must be overcome by immunologists (10, 11, 24, 25) .
The combination of potent adjuvants to emulsify poor immunogenic antigens is an attractive approach that may promote an inflammatory cell environment, and is useful for the development of efficacious vaccines (26) (27) (28) . A recent study demonstrated the usefulness of the GnRHm1-TT peptide adjuvanted with Montanide ISA 51 and VSSP to promote 100% immunogenicity and testosterone decrease in healthy adult animals in <60 days (12) . However, the simulation of these effects in a tumoral mouse model that mimics prostate cancer represents an important challenge, which, to the best of our knowledge, has not been investigated thus far. The castrated group maintained a stable tumor inhibition until day 7 (60%). However, at day 90, all the mice exhibited a significant tumor re-growth and had to be sacri ficed. The vaccinated group exhibited inhibition of tumor growth in 2 out of 5 animals (40%) until day 100, which demonstrates a significant survival time, compared with the placebo and castrated mice (P<0.01). VSSP, very small size proteoliposomes; GnRHm1-TT, gonadotropin-releasing hormone mimetic peptide.
The murine SC 115 mouse model mimics the initial hormone-sensitive stage of prostate cancer and the development of CRPC in humans, and is a useful model to evaluate the effect of immunocastration (22) . In order to ensure the Shionogi tumor implantation in the mice and produce an effective immune response to GnRH, the present study performed three immunizations prior to tumor implantation, and three additional immunizations following implantation.
As previously demonstrated in healthy rats (6, 12) , the DD/S mice implanted with the SC 115 tumor in the present study generated a rapid anti-GnRH seroconversion and high antibody titers following the third injection of SC 115 cells. This humoral immune response was associated with a significant decrease in testosterone levels. In 1 mouse the decrease in testosterone levels was similar to the decrease observed in the castration group. However, in the other 4 mice, the levels of testosterone were significantly reduced compared with the placebo mice, although not as reduced as in the castrated mice.
The effective immune response observed in tumor-implanted mice was similar to the immune response previously reported in healthy animals (12) , and is possibly due to the use of a mixture of type 1 (Montanide ISA 51) and type 2 (VSSP) adjuvants. This observation is in agreement with previous studies describing the use of gram-negative bacteria-derived adjuvants and VSSP to 
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promote cell antigen presentation in patients with cancer and immunodeficient patients (24, 25, 29, 30) . All the mice in the placebo group in the present study exhibited rapid tumor growth, and had to be sacrificed at 19-31 days. All the castrated animals exhibited a reduction in tumor volume, as expected in this hormone-sensitive prostate cancer model. In total, 3 of the mice immunized against GnRH also exhibited a reduction in tumor growth. However, 2 mice failed to respond, and exhibited tumor growth similar to that observed in the placebo group. Thus, they had to be sacrificed at days 30 and 35. In contrast to the castrated animals, which all exhibited tumor recurrence, the 3 remaining mice in the GnRH immunized group exhibited no tumor recurrence. In total, 1 mouse had to be sacrificed at day 55 due to self-mutilation, but the other 2 mice had no regrowth up to day 100, when the present study was terminated.
A previous study supports the role of testosterone ablation as a promoter of the immune response to prostate antigens and suggests that ADT stimulates quantitatively and qualitatively the immune system, and mitigates prostate antigen tolerance (23) . To examine this hypothesis, the present study performed western blot and ELISPOT analyses to evaluate the humoral and cluster of differentiation 8 + T-cell immune response, respectively, in SC 115-implanted DD/S mice vaccinated with the GnRHm1-TT/Montanide ISA 51/VSS candidate.
Notably, PABPN1, a ubiquitously expressed protein that is involved in the polyadenylation of messenger RNA in eukaryotes, was observed to be present in the serum of SC 115-implanted DD/S mice subjected to various treatments. Mice with increased anti-PABPN1 antibody titers exhibited higher tumor growth rates. These findings may be associated with the tumor suppression mechanisms that operate in the host, which impede the immune response against tumor antigens (9) . To associate these results with the cellular immune response, the present study investigated whether the animals that generated humoral anti-PABPN1 immune response also developed T-cell recognition of the PABPN1 protein. A T-cell immune response was revealed to be directed against the PABPN1 protein in mice that had developed anti-PABPN1 antibodies. The authors of the present study are currently investigating whether B-and T-cell responses to PABPN1 actively promote tumor recurrence in the murine SC 115 model, or are markers of other biological processes associated with tumor recurrence.
In conclusion, the present study has demonstrated that gradually lowering testosterone to moderate levels using immunization against GnRH appears to protect against prostate cancer recurrence, which is in agreement with the rapid and complete inhibition observed in castration and GnRH analogue therapy. More detailed and extensive studies are required to confirm this possibility of immune neutralization of GnRH as an improved treatment to reduce the rate of tumor recurrence in patients with androgen-insensitive prostate cancer.
